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Abstract—We report the operation of a cold-atom inertial
sensor in a joint interrogation scheme, where we simultaneously
prepare a cold-atom source and operate an atom interferometer
in order to eliminate dead times. Noise aliasing and dead
times are consequences of the sequential operation which is
intrinsic to cold-atom atom interferometers. Both phenomena
have deleterious effects on the performance of these sensors.
We show that our continuous operation improves the short-
term sensitivity of atom interferometers, by demonstrating a
record rotation sensitivity of 100 nrad.s−1/
√
Hz in a cold-atom
gyroscope of 11 cm2 Sagnac area. We also demonstrate a rotation
stability of 1 nrad.s−1 after 104 s of integration, improving
previous results by an order of magnitude. We expect that the
continuous operation will allow cold-atom inertial sensors with
long interrogation time to reach their full sensitivity, determined
by the quantum noise limit.
I. INTRODUCTION
Over the last twenty years, inertial sensors based on atom
interferometry have evolved significantly in terms of perfor-
mance and transportability. Such progress ensures the rele-
vance of atom interferometer (AI) based inertial sensors in
various field applications, ranging from inertial navigation [1],
[2], [3] to geophysics and geodesy [4], [5], [6], [7], as well as
in fundamental physics [8], [9], [10]. Although new techniques
are currently explored to further improve the sensitivity of
these sensors [11], [12], [13], [14], [15], the issues associated
with measurement dead time remain a strong obstacle to their
ultimate performance [16].
Dead times in AIs correspond to the time needed to prepare
and to detect the atoms before and after the interferometric
sequence. They result in loss of inertial information, leav-
ing AIs unsuitable for inertial measurement units (IMUs)
in navigation [17] or for recording fast varying signals in
seismology [18] for the time being. Noise aliasing coming
from the sequential operation also degrades the AI sensitivity
in the presence of dead times, similar to the Dick effect in
cold atomic clocks [19].
In this paper, we report the first continuous operation
of a cold-atom inertial sensor. This is demonstrated in a
gyroscope configuration featuring a macroscopic Sagnac area
of 11 cm2. We achieve a short-term rotation stability of
100 nrad.s−1/
√
Hz, and a long-term stability as low as
1 nrad.s−1 after 104 s of integration, setting the record of
all atom gyroscopes.
II. EXPERIMENTAL SETUP
We realize a light-pulse gyroscope in a cesium fountain,
see Fig. 1. Counter-propagating Raman beams coupling the
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Fig. 1. Operation principle and setup of the continuous cold-atom gyroscope.
|F = 4,mF = 0〉 and |F = 3,mF = 0〉 clock states are used
to split, deflect and recombine the free-falling cold atoms1.
With four light pulses (pi/2-pi-pi-pi/2), the two arms of the in-
terferometer enclose a physical area up to 11 cm2, representing
a 27-fold increase with respect to previous experiments [21].
This gives rise to a rotation phase shift ΦΩ according to the
Sagnac effect [22], given by
ΦΩ =
1
2
~keff ·
(
~g × ~Ω
)
T 3, (1)
where ~keff is the two-photon momentum transfer, ~g is the
gravitational acceleration, ~Ω is the rotation rate, and T is half
the interferometric time. Following the atom juggling methods
initially introduced to measure collisional shifts in fountain
clocks [23], we implement a sequence of joint interrogation
of successive atom clouds as described in [24]. In other
words, each pi/2 Raman pulse is common to the two adjacent
interferometer sequences, setting the cycle time Tc equal to
the total interrogation time 2T .
The interrogation light contains two frequencies, each ad-
dressing one of the two clock states. The counter-propagating
configuration is achieved by means of retroreflecting the
incoming beam (see Fig. 1), so that two configurations are
possible, transferring opposite momenta (denoted as ±~keff )
to the atoms. The degeneracy of these two configurations is
lifted by tilting the Raman beams by an angle of inclination
θ ' 4◦, as the Doppler effect associated with the vertical
velocity of the atoms shifts the resonance frequency of the
1We focus on the inertial measurement and analysis in this paper. Details
of the atom preparation and detection can be found in [20].
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Fig. 2. Measured probability P versus calculated vibration phase δΦcalc
for the ±~keff configurations.
stimulated Raman transition in the opposite directions. The
joint interrogation simultaneously addresses two atom clouds
with opposite vertical velocity, thus alternating between the
±~keff configurations.
Increasing the sensitivity of such AI-based inertial sensors
necessarily comes at the cost of an increased sensitivity to the
vibration noise, as a consequence of the Equivalence Principle.
Noninertial effects such as the Raman laser phase noise and
light shift also contribute to the inerferometer output. We can
thus breakdown the interferometric phase into rotation phase,
vibration phase and noninertial phase, i.e. ∆Φ = ΦΩ+δΦvib+
δΦ0. Vibration noise has a strong impact on our setup. A
vibration isolation platform reduces the effect of the ground
vibration & 1 Hz to an rms AI phase noise of about 2.5 rad
for 2T = 800 ms. Since the vibration noise spans several
interferometer fringes, auxiliary inertial sensors are necessary
to recover the signal.
We use two commercial accelerometers (marked ‘a’ in Fig.
1) to record and correct the vibration noise. The acquired
acceleration signal is weighted using the transfer function [25]
in order to compute the vibration phase. Fig. 2 shows the
measured probability of transition P versus the calculated
vibration phase δΦcalc for the±~keff configurations. Despite the
overwhelmingly large vibration noise, the inertial stability of
our gyroscope is given by the horizontal scatter of the fringes.
This will be evaluated in the following section.
III. STABILITY OF ROTATION MEASUREMENT
We divide a data set into packets of 40 points. As the data
alternates between the the ±~keff configurations, 20 points of
each configuration are used to fit a sinusoidal model,
P = P0 +A cos
(
δΦcalc + Φ
(±)), (2)
where P0 is the offset of the interferometric signal, A is the
fringe amplitude, and the phase offset is given by Φ(±) =
±ΦΩ + δΦ0. This yields a rotation phase ΦΩ ≡ (Φ(+) −
Φ(−))/2 (mod pi). All fitting parameters P0, A and Φ(±) were
constrained loosely in order to avoid cross talk between phase
noise and probability or amplitude noise. The convergence of
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Fig. 3. Top: The time sequence of rotation rate measurement around its
mean value. The equivalent fluctuation of rotation phase is shown on the right
axis. Bottom: ADEV of the measurement. The error bars indicate the 68%
confidence interval, and the dashed line follows a τ−1/2 scaling.
the fit routine is ensured by the large span of the vibration
phase.
Figure 3 (top) shows an uninterrupted measurement over
about 6 hours. The Allan standard deviation (ADEV) of
the rotation rate sensitivity is shown in Fig. 3 (bottom).
As the ADEV follows the τ−1/2 scaling, where τ is the
integration time, we obtain a short-term rotation sensitivity
of 100 nrad.s−1/
√
Hz. This establishes the best performance
among all cold-atom gyroscopes to date [21], and represents
a 30-fold improvement compared to previous four-pulse gy-
roscopes [1], [3]. Comparing the normal and the continuous
mode, the performance of our gyroscope improves by about a
factor 1.4. This is consistent with the speedup of the cycling
frequency 2.
Such a sensitivity is currently limited by the detection noise
(about 400 mrad/
√
Hz for A ' 2%). This also bounds the
efficiency of the vibration correction protocol to about a factor
5 in the present case. The technical difficulties associated with
the joint operation (primarily light shift and contrast reduction
due to scattered light by the MOT) are assessed in [24],
together with strategies for improvement.
Nevertheless, the long-term stability of our rotation rate
measurement reaches 1 nrad.s−1 after 104 s of integration
time. This represents the state of the art of all atom gy-
roscopes [26] (see [27] for a recent review), and a 20-fold
improvement from previous cold-atom gyroscopes [21], [28].
Such a stability is a direct consequence of the macroscopic
Sagnac area and the folded four-pulse geometry, giving a T 3
dependence of the scale factor. With a long interrogation time,
fluctuations of the atom cloud trajectories, a known limit in
previous experiments [21], [28], are scaled down for its linear
2The dead time in normal mode TD = 0.8 s by coincidence, so that the
cycling frequency doubles when we operate our gyroscope in the continuous
mode.
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Fig. 4. Top: The space-time diagram of the asymmetric four-pulse
interferometer. Bottom: ADEV of the tilt measurement before (squares) and
after (circles) active stablization.
dependence in T . One-photon light shift, a source of slow drift
in stability due to the drift of the power ratio of the Raman
lasers, is removed by combining the measurement from the
±~keff configurations.
A symmetric four-pulse interferometer offers zero sensitiv-
ity to a DC acceleration parallel to ~keff . This however comes
at the expense of an enhanced probability noise in practice, as
imperfect pi pulses give rise to parasitic interferometers [3].
We introduce a timing asymmetry of ∆T = 300 µs, see
Fig. 4 (top), in order to prevent the closure of the parasitic
interferometers. This gives rise to a sensitivity to DC accel-
erations, ΦDC = 2keffT∆Tg sin θ. In other words, a 1 mrad
fluctuation of θ translates into a ∼ 70 rad fluctuation of ΦDC.
We therefore stabilize the tilt of the experiment to reduce
these fluctuations. A commercial tiltmeter is used to acquire
the tilt signal, the variations of which are compensated by a
current controlled magnetic actuator acting on the vibration
platform. Figure 4 (bottom) shows the ADEV of δθ with and
without the tilt lock. We stabilize δθ down to ∼ 4×10−8 rad,
corresponding to a long-term stabilization of ΦDC below
0.3 nrad.s−1 level after 2000 s of integration. Alternating
measurements between ∆T = ±300 µs allowed us to verify
that ΦDC does not impact the stability of the rotation rate
measurement. We also monitor the cross-axis tilt and observe
a negligible phase drift due to the change of the projection of
the rotation vector on the interferometer area.
IV. TOWARDS QUANTUM NOISE LIMITED ATOM
INTERFEROMETERS
The continuous operation introduces phase correlations be-
tween successive measurements. This in principle allows faster
noise averaging following a τ−1 scaling in ADEV. It has been
demonstrated on our setup in the clock mode [24] where the
Dick effect from a degraded local oscillator is quickly reduced
with integration.
In order to demonstrate the same τ−1 scaling in our inertial
measurements, we need to reduce the uncorrelated detection
noise, and to operate our AI at mid-fringe in order to preserve
the maximal sensitivity, i.e. |dP/d∆Φ| = A. This is confirmed
by a simulation of the ADEV for different levels of vibration
noise, which is corrected by auxiliary sensors. The residual
phase noise δΦres (including the inertial noise not corrected by
the auxiliary sensors and some noninertial noise) is correlated
between successive shots. Its rms σres = 120 mrad is kept
constant in all three cases. The vibration noise calculated from
the auxiliary sensor signals is generated randomly, with an
rms of σcalc = 0.13 rad, 0.32 rad, and 2.1 rad. For P0 = 0.5
and A = 5%, we compute P = P0 − A sin
(
δΦcalc + δΦres
)
to simulate the AI operation. Fitting P versus δΦcalc using
10-point packets yields δΦ(fit)res , similar to our data analysis
procedure. The ADEV of δΦ(fit)res is shown in Fig. 5, indicating
a loss of the τ−1 scaling when the vibration noise brings the AI
out of the linear regime. Note that fringe fitting is equivalent
to linear regression as long as the AI remains at mid-fringe,
see Fig. 5 (a).
We can retain a mid-fringe operation using a real-time
compensation of the vibration noise, first demonstrated on an
atom gravimeter [29]. A phase jump of the interrogation laser
right before the end of the interferometer sequence can cancel
the vibration phase and reduce the span of the interferometric
phase. Alternatively, we can implement a more elaborated
protocol using quantum weak measurement, as shown in the
clock mode in [30]. Assuming a quantum projection noise
limited detection with 106 atoms and A = 10%, a rotation
sensitivity below 1×10−10 rad.s−1 in a few 100 s is accessible
with our setup.
V. CONCLUSION
The continuous operation of our atom gyroscope allows us
to improve the stability of the rotation rate measurement with-
out loss of inertial information. We report 100 nrad.s−1/
√
Hz
rotation sensitivity, and a stability of 1 nrad.s−1 after 104 s of
integration. This is well within the specifications of a strategic
grade gyroscope (< 4 nrad.s−1 stability [31]), making AI more
attractive for inertial navigation. We also foresee applications
in geodesy and geophysics, where seismic signals in the a
few mHz to 10s of Hz frequency band could be accessible
with such inertial sensors. AI operating in continuous mode
are also useful in the search of time-dependent signals such
as gravitational waves [9], [10].
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Fig. 5. Simulation of the gyroscope phase stability with increasing vibration
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